Ligand binding to the glucocorticoid receptor (GR) results in receptor binding to glucocorticoid response elements (GREs) and the formation of transcriptional regulatory complexes. Equally important, these complexes are continuously disassembled, with active processes driving GR off GREs. We found that cochaperone p23-dependent disruption of GR-driven transcription depended on the ligand binding domain (LBD). Next, we examined the importance of the LBD and of ligand dissociation in GR-GRE dissociation in living cells. We showed in fluorescence recovery after photobleaching studies that dissociation of GR from GREs is faster in the absence of the LBD. Furthermore, GR interaction with a target promoter revealed ligand-specific exchange rates. However, using covalently binding ligands, we demonstrated that ligand dissociation is not required for receptor dissociation from GREs. Overall, these studies showed that activities impinging on the LBD regulate GR exchange with GREs but that the dissociation of GR from GREs is independent from ligand dissociation.
Organisms tune their activity to changing environmental conditions and throughout their development by the synthesis or demolition of the components required to optimize their function under the given circumstances. For an effective response to stimuli, cells need to react fast. Equally as important as responding to the occurrence, cells reverse their response upon a decrease or loss of stimuli. For example, steroid hormones are released into the bloodstream from the adrenal cortex and gonads and transduce their signals by interacting with their cognate intracellular receptors (IRs) in target organs. Hormone binding enables IRs to bind with high affinity to genomic response elements and nucleate the assembly of multiprotein regulatory complexes, resulting in the stimulation or repression of a receptor-specific subset of genes (40) . Upon hormone withdrawal, these responses are rapidly reversed (29, 41) .
In the absence of hormone, the glucocorticoid receptor (GR), a member of the IR superfamily, is part of a cytoplasmic aporeceptor complex (25) . The ligand binding domain (LBD) of GR is associated with a molecular chaperone complex, which includes a dimer of hsp90, immunophilins, and p23. This complex serves to maintain GR in a conformation competent for high-affinity hormone binding (25) (26) (27) . In vitro studies with purified components suggest that the interaction with cochaperone p23 stabilizes the GR-hsp90 complex and potentiates hormone binding by GR (26) . Upon hormone binding, GR undergoes a conformational change (4, 34) , translocates into the nucleus, and binds to genomic glucocorticoid response elements (GREs) (40) . This conformational change includes alterations in the LBD of GR to create surfaces for interactions with coregulators (4), thus nucleating the assembly of multiprotein regulatory complexes.
The results obtained with photobleaching experiments in living cells suggest that the association of many transcription factors with their binding sites is highly transient. For example, GR and the coregulator glucocorticoid receptor interacting protein (GRIP) interact transiently with a genomic target gene and are actively displaced by energy-dependent processes (2, 20, 36) . Several factors have been implicated in the active dissociation of GR from chromatin. These include chaperones p23 and hsp90 (12, 13, 19, 36) , the proteasome (36) , and SWI/SNF chromatin remodeling complexes (11, 22) . Chaperones and SWI/SNF complexes displace receptors from DNA in vitro (11) (12) (13) 22) . In addition, p23 and hsp90 localize to genomic response elements in a hormone-dependent manner in vivo and disrupt receptor-mediated transcriptional activation in vivo and in vitro (13) . Together, these data suggest that chaperones are involved in an active disassembly of transcriptional regulatory complexes.
Similar to the interaction of GR with GREs, ligands interact dynamically with the glucocorticoid receptor in vivo; the synthetic glucocorticoid dexamethasone (Dex) dissociates with a half-time of ϳ10 min, whereas the natural hormone cortisol dissociates with half-time of a few minutes (21) . In contrast, purified hormone-receptor complexes are stable, consistent with crystallographic studies showing that the ligand is buried within the hydrophobic core of the LBD (4, 38) . The rapid release of ligand in vivo suggests that active mechanisms facilitate ligand dissociation.
Ligand binding is an essential step that allows high-affinity binding of GR to GREs (3) , and the withdrawal of hormone results in the loss of GR association at high-affinity binding sites (28, 41) . However, it has not been determined whether hormone release is a prerequisite for GR release from GREs or for termination of transcriptional responses. Similarly, while GR-GRE dissociation may facilitate rapid responses to envi-ronmental cues, the biological function of receptor dynamics remains uncertain.
In this report, we examined the mechanisms controlling receptor dynamics by defining the functional domains that mediate receptor cycling, the potential role of cofactors, and the importance of ligand release for GR-GRE dissociation.
MATERIALS AND METHODS
Plasmids. Gal4, Gal4-p23, 2ϫgal4-2ϫGRE-luciferase (13) (carrying two gal4 binding sites and two GREs), and p6R expression constructs for GR, N525 (amino acids 1 to 525), and 407C (amino acids 407 to 795) (14, 15) have been described elsewhere. Gal4-p23 L99W and gal4-p23 ANNA (F103A/W106A) were generated by site-directed mutagenesis using gal4-p23 as a template. The 2ϫgal4 2ϫMMTV-GRE (carrying two copies of the mouse mammary tumor virus GRE) reporter was generated by digesting the 2ϫgal4-2ϫGRE-luciferase reporter with PstI and SpeI to replace the two TAT GREs with the following: GGTCGACGAGGTCGTTACAAACTGTTCTGAGGTCGTTACAAACTGT TCTA (MMTV GREs are underlined). Green fluorescent protein (GFP)-GR (amino acids 1 to 795), GFP-407C or GFP-N525 constructs were generated by PCR amplification of rat GR␣ cDNA using primers that introduced Asp718I and XhoI restriction sites. PCR products were subcloned into the Asp718I-XhoI sites of pEGFP-C1 (BD Biosciences Clontech, Palo Alto, CA) to add an N-terminal GFP tag. Subsequently, GFP-GR, GFP-407C, and GFP-N525 were subcloned into the SmaI-NotI sites of pTRE-tight (Clontech, Palo Alto, CA).
Cell culture and generation of stable GFP-GR, GFP-N525, and GFP-407C lines. To obtain GFP-GR, GFP-407C, or GFP-N525 cell lines, we transfected the relevant GR construct along with a puromycin resistance plasmid into the Tet-off murine mammary adenocarcinoma cell line 5858 (28) . Cells expressing enhanced GFP-rat GR, GFP-407C, or GFP-N525 were selected in medium supplemented with 1.5 g of puromycin/ml, and cell lines were derived from single-cell clones of GFP-positive cells. Cells were maintained in Dulbecco's modified Eagle's medium (DMEM; GIBCO) supplemented with 10% fetal bovine serum (FBS), 0.1 mM nonessential amino acids, 2 mM L-glutamine, 1 mM sodium pyruvate, 1 mg of G418/ml, 1.5 g of puromycin/ml, and 10 g/ml of tetracycline at 37°C in 5% CO 2 in a humidified incubator.
U2OS treatments and transient transfections. U2OS human osteosarcoma cells were maintained in DMEM (GIBCO) supplemented with 5% FBS. For reporter activity assays, cells were seeded into 24-well plates in DMEM-5% FBS at approximately 20,000 cells per well and transfected the following day in FBS-free DMEM using 0.8 l of Lipofectamine and 1.6 l of PLUS reagent (Invitrogen) per well according to manufacturer's instructions. Cells were transfected with indicated amounts of gal4 or gal4-p23 plasmids plus empty plasmid p6R to a total of 100 ng. In addition, transfections included 20 ng of p6R-GR, p6R-N525, or p6R-407C (14, 15) and 20 ng each of the lacZ and 2ϫgal4-2ϫGRE-luciferase reporters. After transfection (3 h), cells were refed with DMEM-5% FBS, allowed to recover for 3 h, and refed with DMEM-5% FBS containing 100 nM Dex or ethanol vehicle. Approximately 12 h later, cells were lysed in 100 l per well of 1ϫ lysis buffer (Pharmingen) and assayed for luciferase and ␤-galactosidase activity as described previously (17) .
FRAP and time-lapse microscopy. To induce GFP-GR expression for imaging, cells were transferred to Lab-Tek II chambers (Nalge Nunc International) at approximately 40,000 cells per well 2 or 3 days prior to imaging and grown in medium without tetracycline. One day prior to imaging, medium was replaced with phenol red-free DMEM medium with 10% charcoal-stripped FBS. Cells were treated for 45 min at 37°C with Dex (100 nM), RU486 (10 nM), or Dex-21-mesylate (Dex-Mes; 1 M). Alternatively, cells were treated with 1 M corticosterone for 6 h in the presence or absence of 10 M proteasome inhibitor MG-132 before fluorescence recovery after photobleaching (FRAP) analysis. FRAP analysis was carried out using a Zeiss 510 laser scanning confocal microscope with a 100ϫ oil immersion objective (1.3 numerical aperture) and a 40-mW argon laser. The stage temperature was maintained at 37°C with an ASI 400 Air Stream incubator (Nevtek) or a heated stage. Five single-imaging scans were acquired prior to bleaching with a bleach pulse of 160 ms using 458-, 488-, and 514-nm laser lines at 100% laser power (laser output, 75%) without attenuation. Images of single z sections were collected at 0.5-s intervals using a 488-nm laser line with laser power attenuated to 0.2%. Fluorescence intensities in the regions of interest were analyzed, and FRAP recovery curves were generated using laser scanning microscopy software and Microsoft Excel as previously described (8) . All of the quantitative data for FRAP recovery kinetics represent means Ϯ standard error of the means (SEM) from at least 10 cells imaged in at least two independent experiments. RNA FISH and immunofluorescence analysis. Cells were grown on 22-mm square coverslips deposited at the bottom of a six-well plate; culture conditions were identical to those used for FRAP analysis. Cells were subjected to immunofluorescence analysis and then to RNA fluorescence in situ hybridization (FISH) to detect MMTV transcripts as described previously (28) . Following treatment with ligands as described for FRAP analysis, cells were fixed with 2% paraformaldehyde for 20 min at room temperature. Coverslips were washed twice for 5 min with phosphate-buffered saline (PBS), permeabilized with 0.5% Triton X-100, and then incubated with primary antibody for 1 h at room temperature, followed by three washes with PBS. After incubation with secondary antibody for 1 h, coverslips were washed again with PBS and subsequently processed for RNA FISH by fixing with 5% formaldehyde and rinsing with 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate). A digoxigenin-11-dUTP-labeled MMTV probe was prepared by using digoxigenin-nick translation mixture (Roche); the probe was denatured and hybridized with coverslips at 37°C overnight in hybridization buffer. After hybridization, coverslips were washed with 2ϫ SSC and 4ϫ SSC and incubated with anti-digoxigenin-rhodamine-conjugated secondary antibody (Roche) to detect the hybridized probe. GFP-GR constructs were detected using rabbit anti-GFP polyclonal antibody A11122 (Molecular Probes). The RNA FISH and immunofluorescence signals were quantified using MetaMorph software (Universal Imaging, Downingtown, PA.) after subtraction of the background nuclear fluorescence.
Quantitative real-time PCR analysis. Total RNA was isolated from cells by using RNeasy mini kits (QIAGEN). Random-primed cDNA was prepared from 1 g of total RNA by using a ProtoScript first-strand cDNA synthesis kit (New England Biolabs). One-fiftieth of the resultant cDNA was used per 50-l reaction mixture containing 1.25 units of Taq DNA polymerase (Promega), 1.5 mM MgCl, a 300 nM concentration of each primer, 0.5 mM deoxynucleoside triphosphate mix, and 0.2ϫ SYBR Green I dye (Molecular Probes) in 1ϫ Taq buffer. Real-time PCR was performed in an Opticon-2 DNA Engine (MJ Research, Cambridge, MA) and analyzed by using the cycle threshold method (1a) and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) as an internal control for data normalization. An MMTV cDNA fragment was amplified with the 5Ј-CG TGAGATTCGGCAGCATAAA-3Ј and 5Ј-GACAGCACACATTTGCAGCT C-3Ј primer pair. For normalization, a GAPDH cDNA fragment was amplified with the 5Ј-ATGGCCTTCCGTGTTCCTAC-3Ј and 5Ј-CCTGCTTCACCACCT TCTTG-3Ј primer pair.
Hormone binding assays. For hormone binding assays, cells were seeded into 24-well plates in medium lacking tetracycline to induce GFP-GR expression for 2 days. One day before hormone binding was assayed, the medium was replaced with phenol red-free DMEM containing 10% charcoal-stripped FBS. Cells were pretreated with either vehicle (ethanol), Dex (1 M), Dex-Cl (1 M), or DexMes (1 M) for 45 min. Next, medium was aspirated, and cells were washed once with hormone-free medium for 1 min, followed by three washes for 5 min each with hormone-free medium. Subsequently, cells were treated for 45 min with 100 nM [ 3 H]Dex in the presence or absence of a 10 M (100-fold) excess of unlabeled Dex. After five washes with ice-cold PBS, ligand was extracted by adding 250 l of ethanol for 45 min and quantified by liquid scintillation counting.
Gel Mes-GR. Cells were grown, pretreated, and washed as described above for hormone binding assays with the following exceptions. The second hormone treatment was performed with 100 nM [ 3 H]Dex-Mes in the presence or absence of excess cold Dex (10 M), and cells were washed three times instead of five times with ice-cold PBS before cells were lysed in radioimmunoprecipitation assay buffer to prepare whole-cell extracts. Thirty percent of the cell extract coming from 1 well of a 24-well plate was resolved on a sodium dodecyl sulfatepolyacrylamide gel. The gel was fixed for 30 min (65:25:10, H 2 O:isopropanol: acetic acid), followed by a 30-min incubation with Amplify reagent (Amersham Biosciences). Gels were dried onto Whatman paper using a vacuum blotter and exposed to film at Ϫ80°C.
Synthesis and purification of Dex-Cl. The 21-deoxy-21-chlorodexamethasone (Dex-Cl) was prepared essentially as described previously (7). To a solution of dexamethasone (83 mg) in pyridine (0.89 ml) at 0°C under N 2 was added methanesulfonyl chloride (43.8 mg). After overnight stirring at 0°C, the resulting reaction mixture was poured onto ice water (11.1 ml). The resulting precipitate was collected by centrifugation, evaporated in vacuuo, and dissolved in ethylacetate. The ethylacetate solution containing a mixture of Dex-Mes and Dex-Cl (approximately 50:50 by thin-layer chromatography) was fractionated over a silica gel column using a 2:3 hexanes:ethylacetate solvent system to yield pure Dex-Cl. Liquid chromatography-mass spectroscopic data showed the predicated mass for Dex-Cl.
Hormone dissociation assays. For hormone dissociation assays, cells were grown as described for hormone binding assays and treated for 45 min with 100 nM 
RESULTS
Cochaperone p23-mediated reduction of GR-regulated transcription depended on the GR LBD. Chaperones perform multiple functions in cells, which hinders genetic analysis of their effects in a particular context of interest. For example, the cochaperone p23 is involved in the folding of numerous cellular proteins (10), thus complicating the analysis of its specific role in dissociation of GR from DNA. To circumvent this problem, we selectively elevated the local concentration of p23 near a GRE-linked reporter gene in cells expressing endogenous levels of the wild-type proteins. Specifically, the reporter contains two Gal4 binding sites linked to two GREs (linked response element [LRE]) (Fig. 1A) , and candidate factors to be assessed for GR dissociation activity were constructed as fusions to the Gal4 DNA binding domain (DBD). The LRE reporter was used in mammalian cells to demonstrate a role for p23 and hsp90 in the disassembly of regulatory complexes in vivo (13) . Using this artificial "tethering" strategy provides a means to study in vivo the role of p23 in the promoter context specifically. Therefore, we used the LRE reporter to determine the effect of deletions of GR domains on the ability of p23 to disrupt GR-mediated transcription. We chose U2OS human osteosarcoma cells, which lack endogenous GR but support the function of ectopically introduced GR. Thus, these cells can be used to assess the activities of mutant receptors in a GR-null background.
First, we tested whether we could reproduce the effects of p23 on GR-dependent transcription in U2OS cells. As reported previously (13) , expression of increasing amounts of Gal4-p23 reduced GR-mediated transcriptional activation of the LRE reporter (13), consistent with a role for p23 in GR-GRE dissociation (Fig. 1B) although we cannot rule out the possibility that p23 acts as a corepressor. Next, we mapped the GR domains essential for this activity using GR truncation mutations either missing the amino-terminal 407 amino acids (407C) or the carboxy-terminal LBD (N525) (Fig. 1C) . As reported (15, 37) , 407C retained hormone-dependent transcriptional activation, whereas the N525 deletion mutant was not hormone regulated (data not shown). We found that transcriptional activation by N525 was unaffected by increased amounts of p23 whereas 407C was as sensitive as full-length GR (Fig. 1D) . Interestingly, in vitro DNA binding assays indicate that p23-mediated dissociation of the thyroid hormone receptor, an IR related to GR, from DNA depends on the LBD (12) . Taken together, these results indicate that disruption of GR-dependent transcriptional activation by p23 requires the LBD, suggesting that p23 interacts with the LBD to displace GR from GREs.
GFP-GR truncation mutants localize to MMTV array in vivo. We reasoned that if displacement of GR from GREs by p23 depends on the LBD, the deletion of this domain might affect GR-GRE dissociation dynamics in vivo. To investigate the role of GR domains in GR-GRE dissociation, we generated stable cell lines expressing tetracycline-repressible GFP-GR, GFP-N525, or GFP-407C. We used a murine cell line that contains approximately 200 integrated copies of the MMTV long terminal repeat (MMTV array); each long terminal repeat includes multiple GREs, so the entire MMTV array contains ϳ10
3 GREs (20) . The MMTV array enables the direct visualization of GFP-GR binding to the MMTV array by livecell microscopy; notably, FRAP studies of GR have demonstrated that the receptor exchange is rapid at GREs (20) . Western blotting showed that each of the three GFP constructs was expressed and that expression of the constructs was tightly regulated by tetracycline, with higher expression levels for GFP-GR than for endogenous GR ( Fig. 2A) . In the absence of ligand, GFP-GR was primarily cytoplasmic, with low levels of nuclear GR and low basal levels of MMTV transcription, as determined by quantitative RNA FISH and quantitative realtime PCR (Fig. 2B and C) . Upon hormone treatment, GFP-GR and GFP-407C localized to the nucleus, and transcription from the MMTV array was induced (Fig. 2C) . Furthermore, ligand treatment resulted in a brighter and larger nuclear spot for GFP-GR and GFP-407C that colocalized with the MMTV RNA FISH signal (Fig. 2C) . The GFP-N525 truncation of GR, which lacks the LBD, constitutively localized to the nucleus as previously described (30) , and transcription of the MMTV array was induced upon GFP-N525 expression. Nuclear GFP-N525 also colocalized with the MMTV transcripts, demonstrating that GFP-N525 is targeted to the MMTV promoter (Fig. 2C) . In summary, we found that the GFP-GR fusions activated transcription and localized to the MMTV array, thus allowing us to study the role of GR domains in GR-GRE dissociation.
Role of receptor domains in GFP-GR mobility.
To test the functional role of GR domains on the kinetics of GR-GRE dissociation, we photobleached the three GFP-GR constructs specifically bound at the MMTV array to determine their association and dissociation kinetics (Fig. 3A) . Additionally, we examined the mobility of bulk GR by photobleaching GFP-GR residing in the nucleoplasm. In the absence of ligand, the recovery of nucleoplasmic GFP-GR was rapid and complete, with a half-maximal time for fluorescence recovery (t 1/2 ) of 0.43 Ϯ 0.04 s (Fig. 3B and Table 1 ). Treatment with Dex resulted in a marked decrease in the rate of nucleoplasmic GR recovery (t 1/2 of 1.36 Ϯ 0.15 s), suggesting that liganded GR interacts with structures (such as chromatin) that reduce its mobility. The fluorescence recovery of GFP-GR at the MMTV array was slower (t 1/2 of 1.60 Ϯ 0.09 s) than the recovery rates observed for nucleoplasmic GFP-GR (Fig. 3B) . Next, we determined FRAP rates of GR deletion mutants lacking either the LBD or the amino terminus. We found that deletion of the amino terminus resulted in recovery rates (t 1/2 of 1.34 Ϯ 0.10 s) at the array that were slightly faster than for wild-type GFP-GR (Fig. 3C) . However, deletion of the LBD resulted in faster recovery rates at the array (t 1/2 of 0.69 Ϯ 0.06 s) than those observed for wild-type GR but slower than those of unliganded GR ( Fig. 3B and C) . Mirroring the results found at the MMTV array, fluorescence recovery rates in the nucleoplasm were fastest for N525 and slower for 407C, with the slowest recovery for wild-type GR (Fig. 3D) .
The FRAP results demonstrated that the LBD and, to a smaller extent, the amino terminus influenced the exchange rates of GR with GREs. The effect of deletion of the amino terminus was small, whereas the deletion of the LBD resulted in faster GR dynamics. The influence of the receptor domains on nucleoplasmic receptor dynamics paralleled those observed at the array, emphasizing the importance of the LBD. These results suggest that the mechanisms controlling receptor mobility at the array and in the rest of the nucleus may be similar.
Ligand-specific GFP-GR mobilities. Our findings demonstrated the importance of the LBD and of ligand binding on GR mobility. Consistent with the importance of events at the LBD, several studies have demonstrated ligand-specific GR mobilities in the nucleoplasm (31, 32) and at the array using a GR mutant with increased ligand affinity (36) . To investigate the effects of specific ligands on wild-type GFP-GR mobility at the array and in the nucleoplasm, we tested the following ligands: Dex, a high affinity agonist; RU486, a high affinity antagonist; and Dex-Mes, which binds covalently to GR. Treatment with each ligand resulted in nuclear translocation of GR and induction of transcription from the MMTV array as demonstrated by indirect immunofluorescence microscopy and quantitative FISH (Fig. 2B and 4A ). The levels of transcriptional induction were similar for Dex-Mes and Dex, whereas a significant but lower level of transcription induction was detected with antagonist RU486 (Fig. 2B) . When we treated cells with each of these ligands, a subnuclear GFP-GR fluorescence signal colocalized with the MMTV RNA FISH signal, demonstrating the recruitment of GR to the array (Fig. 4A ). Next, we tested the effect of the ligands on GR-GRE exchange at the MMTV array. FRAP experiments showed that RU486 treatment resulted in faster fluorescence recovery at the array (t 1/2 of 0.82 Ϯ 0.06 s) than the recovery observed with Dex (Fig.  4B) . Dex-Mes treatment induced MMTV transcription at levels comparable to Dex and resulted in GR dynamics similar to those for Dex (t 1/2 of 1.40 Ϯ 0.10 s for Dex-Mes and 1.60 Ϯ 0.09 s for Dex) (Fig. 4B) . Nucleoplasmic GR mobility was faster for RU486 and Dex-Mes than for Dex (Fig. 4C) , while GR-GRE dissociation was fastest for RU486 and displayed comparable rates for Dex-Mes and Dex. In summary, we found that the mobility of GR is affected by the nature of the ligand bound to GR. This further supports the importance of the LBD in regulating GR-GRE dissociation. GR dissociation from GREs is independent of ligand dissociation. Ligand binding increases the affinity of GR for GREs and is accompanied by a decrease in receptor mobility. Conversely, hormone withdrawal results in the cessation of activation and loss of receptors associated with GREs. To test if hormone dissociation is required for GR-GRE dissociation, we used Dex-Mes, which covalently binds GR. Dex-Mes is a mesylate derivative of Dex that forms a thioether bond with cysteine 656 in the LBD of GR (33 (Fig. 5A) . In contrast to Dex, preincubation with 1 M Dex-Mes prevented Ͼ99% of GR from subsequent [ 3 H]Dex binding (Fig. 5A) . In parallel experiments, we found that preincubation with Dex-Mes blocked covalent receptor binding with [ 3 H]Dex-Mes, whereas binding with Dex allowed subsequent [ 3 H]Dex-Mes binding by GR after hormone washout as assayed by fluorography (Fig. 5B) .
If receptor dissociation from DNA required ligand dissociation, we would predict that covalent ligands would render chromatin-bound GR immobile. By in vivo FRAP microscopy, however, no immobile receptor population was found for DexMes, either at the array or in the nucleoplasm (Fig. 4B and C and 6A); in fact, the recovery was faster than the recovery observed for Dex. As a control, we treated the cells with proteasome inhibitor MG-132 and corticosterone, since proteasome activity is required for nuclear mobility of a fraction of GR (6, 31, 36) . As expected, proteasome inhibition resulted in an immobile receptor population (approximately 20%) ( Fig.  6A and B) . Together, these results suggest that GR mobility is independent of ligand exchange.
To further test this hypothesis, we synthesized a second ligand, predicted to bind GR covalently, Dex-Cl (7). We reasoned that Dex-Cl would form a thioether bond with cysteine 656 of GR; however, Dex-Cl has not been tested for covalent receptor binding or for its function as a GR ligand. We synthesized and purified Dex-Cl (Fig. 5C ) as described previously (7) and tested if Dex-Cl could serve as a GR ligand. Indeed, GFP-GR localized to the nucleus of cells treated with Dex-Cl Quantitative FRAP analysis at the array (B) or in the nucleoplasm (C) for cells treated as indicated for panel A. All quantitative data values in FRAP recovery kinetics represent averages Ϯ SEM. from at least 10 cells imaged in two independent experiments. We chose saturating ligand concentrations for Dex and Dex-Mes because the slowest receptor dynamics are typically observed at saturating ligand concentrations (31) . For RU486 we used ligand concentrations that result in maximal slow-down of nucleoplasmic receptor dynamics (31) . WT, wild type.
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at UNIV OF CALIF-SAN FRANCISCO on February 26, 2008 mcb.asm.org (Fig. 5D ) even at low nanomolar concentrations (data not shown), and Dex-Cl treatment resulted in the activation of MMTV transcription (Fig. 5E) . Moreover, Dex-Cl covalently bound GR, albeit less efficiently than Dex-Mes (ϳ80% for Dex-Cl versus Ͼ99% for Dex-Mes) ( Fig. 5A and B) . The binding, nuclear translocation, and transcriptional activation all indicated that Dex-Cl is a bona fide GR ligand. Next, we tested GR mobility for Dex-Cl-bound GR by FRAP analysis. Similar to our findings with Dex-Mes, treatment with Dex-Cl did not render a fraction of nucleoplasmic GR immobile (Fig.  6B) . These results are consistent with the idea that GR mobility is independent of ligand dissociation.
To compare the kinetics of GR-GRE dissociation with those of GR-Dex dissociation, we determined the half-time of ligand dissociation in the cell line we used for in vivo FRAP studies. Cells expressing GFP-GR were treated for 45 min with [ 3 H]Dex followed by addition of a 200-fold excess of unlabeled Dex; we monitored ligand dissociation as the release of specifically bound [ 3 H]Dex from the intact cells. We found that GR-Dex dissociation occurs at a rate that is much slower (t 1/2 of ϳ20 min) than the rate of receptor dissociation from GREs (Ͻ2 s, Ͼ600-fold slower) (compare Fig. 3A and 6C ). We conclude that ligand exchange is not required for either GR dissociation from GREs or nucleoplasmic GR mobility.
DISCUSSION

Role of chaperones and receptor domains in GR dynamics.
Nuclear proteins including steroid hormone receptors move rapidly and exchange quickly with multiple target sites in the nucleus (16, 24) . Molecular chaperones in the cytoplasm facilitate high-affinity ligand-binding by GR and also function in the nucleus as nuclear mobility factors for steroid hormone receptors (9) . The folding of GR is mediated through interactions of the chaperone complex with the LBD; however, the exact interaction surface of the LBD is unknown. The findings described here show that disruption of GR-mediated transcription by cochaperone p23 depended on the presence of the LBD of the receptor. These findings are in agreement with the observation (12) that the effects of p23 on GR activities in vivo are mediated by the LBD and with in vitro studies demonstrating that thyroid receptor displacement from DNA depend on the LBD (12). Although we do not understand mechanistically how p23 displaces the receptor, we suggest that perhaps the chaperones induce a conformational change when interacting with liganded receptor, analogous to the conformational change that facilitates ligand binding by GR.
In a simple scenario, p23 displaces GR from GREs through its interaction with the LBD, and deletion of the LBD would result in slower exchange of the receptor at a target promoter. However, when we tested GR mobility at the MMTV array, exchange rates for GR lacking the LBD were faster. This suggests that the effect of removal of the LBD on receptor mobility is complex. For example, the LBD may contribute to the intrinsic affinity of the full-length receptor for DNA (5) , although studies with purified receptor suggest that the intrinsic affinity of the DBD of GR is comparable to that of fulllength receptor (15) . Furthermore, studies in vitro and in vivo have shown that the destabilizing effect of p23 can be countered by receptor binding to GRIP (12, 13) , a transcriptional coregulatory factor that interacts with the GR LBD. Similarly, the interaction of GR with HMGB1 decreases the mobility of GR (1) . In support of the notion that specific interactions at the LBD are important for GR mobility, several point mutations that affect the interaction of GR with cofactors result in increased GR mobilities (18) . Moreover, the proteasome contributes to increased GR mobility and, similar to our findings for p23, the effects of the proteasome depend on the LBD (18) . Hence, removal of the LBD affects several interactions, some destabilizing GR-GRE association (e.g., p23 and the proteasome) and some stabilizing the association (e.g., GRIP). Similar to what has been proposed based on nucleoplasmic GR mobility (18), we propose that the balance of stabilizing and destabilizing factors serves as a key determinant of the residency time of receptor on DNA, and removal of the LBD appears to shift this balance in favor of dissociation of GR from DNA.
Furthermore, the role of chaperones in GR mobility might be more complex. For example, hsp90 can displace receptor from DNA in vitro, but inhibition of hsp90 activities in vivo could result in either faster GR mobility (36) or slower mobility (C. Elbi and G. Hager, unpublished data), depending on the geldanamycin concentration used to inhibit hsp90. Although p23 and hsp90 appear to act in concert in vivo, data with purified components have demonstrated that p23 can displace nuclear receptors from DNA in the absence of hsp90 (13) . We found in the LRE assay that p23 mutations that disrupt its interaction with hsp90 (23, 39) did not completely disrupt p23-dependent reduction of transcriptional activation by GR (data not shown) in agreement with a role for p23 independent of hsp90.
In conclusion, we found that large truncations of GR differentially affected receptor mobility. Future experiments with more subtle GR mutants that disrupt specific interactions and influence receptor mobility might help to dissect the contributions of individual factors to receptor dynamics on chromatin.
Ligand binding and GR dynamics. The data presented confirm findings by others (31, 36) that ligand binding results in reduced GR mobility, emphasizing the importance of the LBD in stabilizing the interaction of GR with chromatin. We found ligand-specific mobilities for GR at the array and in the nucleoplasm. Although different, the GR mobilities in the nucleoplasm paralleled those observed at the array for each of the ligands, suggesting that similar mechanisms control mobility at the array and in the nucleoplasm. One simple model is that receptor mobilities in the nucleoplasm and at the array reflect nonspecific and specific DNA binding, respectively. Ligand binding is an essential step for high-affinity binding of GR to GREs. However, it was previously unclear whether hormone release is a prerequisite for GR release from GREs. An alternative mechanism for receptor clearance from DNA is proteasomal degradation of chromatin-bound receptor. However, we do not favor proteasomal GR degradation as the primary explanation for receptor clearance as [ 3 H]Dex-Mesbound GR is stable in cells throughout a 1-h washout period (data not shown), demonstrating that GR protein turnover is slow relative to the many rounds of receptor-DNA binding. Our data with covalently bound ligands suggest that receptor release from chromatin is independent of ligand dissociation.
In agreement with the finding that receptor clearance is independent of ligand dissociation, Freeman and Yamamoto (12) found no indication for ligand loss during receptor dissociation in vitro. Similarly, SWI/SNF can displace covalently ligand-bound GR from chromatin in vitro (11) . Finally, receptor dynamics and ligand dissociation appear to occur on vastly different time scales; GR is cleared from chromatin with halftimes of only several seconds whereas the half-time for Dex dissociation was ϳ20 min, approximately 600 times slower than receptor exchange. Therefore, we propose that ligand dissociation is not essential for either nucleoplasmic mobility or for receptor dynamics at GREs.
If receptor clearance from DNA is independent of ligand release, what is the function of dynamic ligand association? It was shown previously that GR covalently bound to ligand displays reduced transcriptional activity (35) , suggesting that ligand exchange may be important for transcriptional activation by GR. However, in the cell line used in our studies, Dex-Mes induces transcription as well as Dex. Thus, transcriptional activation does not rely strictly on ligand exchange, although we cannot exclude a role for ligand exchange in the regulation of some genes. Perhaps the most obvious function for ligand exchange is to respond to changes in hormone levels. Indeed, serum levels of circulating glucocorticoids fluctuate, e.g., in response to food intake, about three-to fivefold over 2-to 4-h periods throughout the day. Local availability of biologically active hormone at target organs may show even greater and more rapid fluctuations, for example, by local conversion of cortisol to biologically inactive cortisone by type 2 11␤-hydroxysteroid dehydrogenase. Ligand exchange would provide a means to respond to these fluctuations.
Rapid receptor exchange function. The biological function of the dynamic interaction of nuclear receptors with chromatin remains unclear. Notably, ligand binding enhances the affinity of GR for many binding sites, and, with limited receptor numbers, increased nucleoplasmic mobility would facilitate scanning the genome rapidly for high-affinity binding sites at which GR interacts productively. In addition to scanning the chromatin for binding sites, a dynamic interaction at a functional GRE might serve other functions. Effective transcriptional regulation involves multiple steps, including chromatin modification, remodeling, recruitment of the basal transcription machinery, and initiation and elongation of transcription. These processes must occur in a temporally organized manner. For example, recruitment of the basal transcription machinery typically requires prior chromatin remodeling and modification events to poise a promoter for transcriptional initiation. Highly dynamic receptor binding could provide a means to allow events like chromatin modifications, remodeling, and recruitment of the basal transcription machinery to take place in a specific order. Supporting the significance of nuclear mobility in transcriptional regulation, GR bound to ligands with low transcriptional activities is more mobile than GR bound to ligands with high activities (18) . Furthermore, receptor mutants with decreased transcriptional activity are more mobile than wild-type receptors (18) . Finally, the transient interaction of GR with chromatin may serve to rapidly respond to environmental changes.
In conclusion, our data establish the importance of the LBD of GR in the exchange of the receptor with DNA. We propose that the LBD functions as a "switch" that influences chromatin binding and dissociation by GR. However, the function of this switch does not require the release of ligand for GR release from the GRE. With multiple factors impinging on the LBD, some stabilizing and some destabilizing the interaction of GR with chromatin, the balance of these factors influences the dynamics of the GR-chromatin interaction.
